Immunological Reviews. 2020;294:92-105. wileyonlinelibrary.com/journal/imr 1 | INTRODUC TI ON Gout is a highly prevalent, debilitating, autoinflammatory arthropathy having hyperuricemia as a prerequisite for disease development. 1 When the serum urate level exceeds the solubility threshold, it undergoes a phase change in the presence of sodium and precipitates into monosodium urate (MSU) crystals. 2
deposition of MSU crystals in the joints and surrounding tissues, commonly affecting the big toe, although it can involve other joints as well. 3 The natural course of an acute gouty attack generally lasts between 7 and 10 days, followed by an inter-critical period in which there is a complete resolution of signs and symptoms. 4 While some patients exhibit no recurrence after the first attack, in most patients the disease takes its natural course leading to advanced gout, characterized by chronic inflammation, frequent attacks, tophus formation, and joint destruction. 5 Despite the progress made in understanding the mechanisms Gout is no longer viewed as an isolated pathology, and the elucidation of the underlying mechanisms in gout could hold relevance for associated diseases. An increasing number of studies link gout with comorbidities such as hypertension, cardiovascular disease, renal disease, diabetes mellitus, metabolic syndrome, hyperlipidemia, increased incidence of cancer, and premature aging. [6] [7] [8] [9] [10] In this review, we focus on the hypothesis that urate induces immune programming and maladaptive inflammatory responses that could play a role in the development of gout and its comorbidities.
We describe recent work investigating the effects of urate on the inflammatory responses of the host and discuss its importance in health and disease, as well as its role in opening new prospective treatment targets and approaches.
| THE INNATE IMMUNE SYS TEM AND INNATE IMMUNE MEMORY
Pattern recognition receptors (PRRs) expressed by antigen-presenting cells (APCs) are known to confer a certain degree of specificity in the recognition of microorganisms and danger signals by the innate immune cells. 11 Collectively termed alarmins, PAMPs (pathogen-associated molecular patterns) and DAMPs (dangerassociated molecular patterns) serve as ligands for PRRs activating APC cells to present antigens and induce the production of cytokines. 12 PRRs are either membrane-bound or intracellular and include Toll-like receptors (TLRs), RIG-I-like receptors (RLRs), and Nod-like receptors (NLRs). 13 Some of the more prototypical PAMPs are represented by bacterial lipopolysaccharides (LPSs), which are found on the cell membranes of Gram-negative bacteria and can be specifically recognized by TLR4. 14 with viruses, and unmethylated CpG motifs that mimic bacterial DNA. 15 DAMPs represent molecules that are normally found inside the cells and released in the extracellular space upon injury, stress, or necrosis. 16 More recently, it has been shown that any modified or dysfunctional molecule, such as oxidized or denatured molecules, can act as DAMPs. [17] [18] [19] Some of the known danger signals include nucleic acids, heat shock proteins (Hsps), adenosine triphosphate (ATP), urate, hyaluronic acid, oxidized low-density lipoproteins (oxLDL), cytokines (such as interferon alpha, interleukin-1α, interleukin-1β, HMGB1), and others. 16, [20] [21] [22] Trained immunity is a term coined by Netea et al 23 to describe the ability of the innate immune system to mount innate memory by altering the response after an encounter with a PAMP or DAMP, leading to an enhanced and non-specific later response. [23] [24] [25] This memory of the innate immune cells, independent of the adaptive immune system, is mediated by epigenetic reprogramming and immunometabolism. 26, 27 The reprogramming of the innate immune cells was observed to last from weeks to months, although the life span of these cells in blood is much shorter than the duration of trained immunity. 26, 28 It is now accepted that innate immune memory can be developed by hematopoietic stem and progenitor cells, providing one explanation for the long-term effect of trained immunity. 29, 30 The mechanisms by which trained immune cells can mount an enhanced immune response are shown to be dependent on epigenetic modifications and cellular metabolism reprogramming. 30 Kleinnijenhuis et al showed that increased inflammatory response after Bacillus Calmette-Guérin (BCG) vaccination is associated with chromatin marks on histone H3, such as lysine trimethylation (H3K4me3) in monocytes. 26 Epigenomic data of monocytes trained with β-glucan show distinct histone signatures compared to nontreated monocyte-derived macrophages. 31 Transcriptomics data from monocytes trained with β-glucan show a metabolic shift toward glycolysis characterized by high glucose consumption, lactate production, and a high intracellular ratio of nicotinamide adenine dinucleotide (NAD+/NADH). 32 Glutaminolysis represents another metabolic reconfiguration observed in immune training of cells with β-glucan, and inhibition of this metabolic shift leads to reduced induction of trained immunity in vivo. 33 Similarly altered immune states with enhanced inflammatory cytokine production associated with epigenetic modifications have not only been observed in settings using microbial stimulations, but also in response to sterile ligands such as oxLDL or hypercholesterolemia in the context of atherosclerosis. 34, 35 
| UR ATE-INDUCED IMMUNE PROG R AMMING
PAMPs and DAMPs use the same recognition machinery to mount innate immune responses, and innate immune memory is seen in both microbial and sterile stimulations. This suggests that abnormal levels of endogenous molecules or metabolic stimuli can lead to elevated inflammatory responses via resetting the transcriptional program of innate immune cells. In this section, we discuss urate as a metabolic stimulus that, at higher concentrations, can lead to innate immune activation and potentially long-term inflammatory consequences for disease.
| Urate physiology
In humans and higher primates, urate is the final oxidation product of purine catabolism. At the physiological pH of 7.4, urate is found in the ionized form of urate. 36 It is mainly synthesized by the liver, but it can also be produced by other tissues that possess xanthine oxidase activity, such as the intestines, muscles, kidneys, and vascular endothelium. 37 Due to the pseudogenization of the uricase gene during the evolution of hominoid primates, humans among other mammals lost uricase activity, rendering them unable to further oxidize urate to the more water-soluble compound allantoin. 38 Thus, serum urate (sUA) levels are three to ten times higher in humans than in uricase-preserving organisms. 37, 38 About two-thirds of urate is excreted in the kidneys, out of which 90% is reabsorbed. 39 This evolutionary preserving mechanism implies a beneficial role for urate, such as its antioxidant capacity. 40, 41 Despite accounting for almost half of the plasma total antioxidant capacity, there is still no apparent biological importance of urate, since in xanthinuria (a genetic condition in which patients lack xanthine oxidase, being unable to produce urate) there are yet no known consequences, except for the development of xanthine stones. 42 Intriguingly, clinical and epidemiological studies show a detrimental role for low levels of urate regarding neurodegenerative diseases and high urate levels are associated with neuroprotection against Parkinson disease, multiple sclerosis, Alzheimer disease, and amyotrophic lateral sclerosis. 40, [43] [44] [45] However, whether these effects can be attributed to urate's antioxidant capacity is still much debated, as these studies mainly show immune activation as potential mechanism for urateinduced neuroprotection. 46, 47 
| Urate acts as a DAMP
Tissues are continuously surveilled by the immune system for antigens and potential dangers to the host. During necrosis (cellular stress or damage that represent manifestations of an underlying pathological process), cells release danger signals, including urate which alerts the immune system and promotes immunity. 48 DAMPs can stimulate the dendritic cells to mature. 11 It has been shown that the long use of alum salts as vaccine adjuvants is due to their ability to increase urate production. 49 When urate is added to cultures of primary bone marrow-derived dendritic cells, it increases the expression of CD86, providing T cells with the necessary co-stimulatory signals to initiate a T-cell response. Even more so, depletion of urate inhibits the immune response associated with dying cells. 48 In line with these findings, other studies confirm the role of urate as an adjuvant in the anti-tumor immunity induced by dendritic cell vaccines. 50, 51 Under normal circumstances, cells contain high levels of urate and, when cellular damage or necrosis occurs, they produce even more owing to purine degradation and release of intracellular urate. 48, 52 It is hypothesized that due to high levels of sodium present in the extracellular fluid, the supra-saturation of urate upon cellular death triggers nucleation of MSU crystals, which are classically thought to be immunologically active, capable of acting as a DAMP. 52 Indeed, in any setup which studies supra-saturated urate effects, crystal-dependent mechanisms cannot be excluded when assessing the immunological activities of urate.
The release of urate by dying cells contributes to the host defense but can also lead to sterile inflammation and pathologic consequences.
| Evidence of crystal-dependent urate-driven inflammation
Martinon et al described that MSU crystal-driven inflammation in vitro is dependent on the assembly of the NLRP3 inflammasome, both in THP-1 cells and in human monocytes. 53 In the context of MSU crystal-induced production of active IL-1β, two observations need mentioning. First, the cells need to be primed so that transcription of pro-IL-1β is active, and second, in vitro MSU crystals need TLR synergism to induce active IL-1β production and release. 54, 55 IL-1 is the prototypical pro-inflammatory cytokine, virtually affecting all cells and organs. 56 IL-1α and IL-1β are both active forms of IL-1, encoded by distinct genes, but binding to the same receptor (IL-1R1) and having similar immunological effects. 57 Unlike IL-1α, for IL-1β to exert its biological function, it needs to be cleaved from its precursor form, pro-IL1β. The production of active IL-1β is a twostep process, requiring cells to be first stimulated to induce the transcription of IL-1β. 56 PAMPs and DAMPs can act through PRRs to induce the expression of pro-IL-1β, referred to as a priming step, partly dependent on NF-κB activation. 58 
Transcriptional control
In vitro, MSU crystals have been shown to stimulate macrophages to produce IL-1β in a MyD88-dependent pathway ( Figure 2 ). 59 MyD88 is an intracellular protein that functions as an adapter for signal transduction, linking Toll-like receptor (TLR) family members and IL-1 receptor (IL-1R) to IL-1R-associated kinase (IRAK), leading to the activation of nuclear factor kappa B (NF-κB). 60 The transcription factor NF-κB upregulates a large number of inflammatory genes, including those encoding IL-1β, TNF-α, IL-6, IL-12p40, and cyclooxygenase. 61 
Inflammasome activation
The primed cell must encounter a second stimulus to induce the processing and secretion of the biologically active IL-1β. Pro-IL-1β is cleaved by the inflammatory protease caspase-1, located inside the cell. 62 Caspase-1 is normally found in its inactive zymogen form (pro-caspase-1) and is autoactivated through oligomerization upon inflammasome activation. 63 Inflammasomes are multi-protein intracellular pattern recognition receptors composed of a C-terminal leucine-rich repeat capable of recognizing PAMPs and DAMPs, a central nucleotide binding domain (NACHT), and N-terminal pyrin domain (PYD). 64 The PYD domain recruits the adapter molecule apoptosis-associated speck-like protein containing a caspase recruitment domain (ASC). Pro-caspase-1 is recruited to ASC by homotypic interaction of caspase recruitment domains resulting in caspase-1 activation. Once activated, caspase-1 will cleave pro-IL-1β into its mature active form readily available to be released by the cell and initiate IL-1 signaling (Figure 1 ). 65 Inhibition of actin and tubulin polymerization by colchicine (a common drug used in the treatment of gout) blocked NLRP3 activation and subsequent processing of IL-1β induced by MSU crystals, providing a mechanism for MSU-dependent inflammasome activation via microtubule polymerization and ASC recruitment at the site of inflammasome assembly. 66, 67 Release of mature IL-1β is associated with caspase-1-dependent pyroptosis. 68 Pyroptosis is a type of inflammatory cell death mediated by gasdermin D (GSDMD) processing to release N-terminal GSDMD fragment which, subsequently, contributes to pore structure formation at the plasma membrane. 69, 70 This results in the release into the extracellular milieu of DAMPs such as DNA, ATP, ASC oligomers, or intracellular cytokines that further recruit immune cells and perpetuate the inflammatory response and tissue damage. 71, 72 MSU crystal-induced activation of GSDMD has been recently described ( Figure 2 ). 73 Although GSDMD is rapidly activated in response to MSU crystals, it was shown to be dispensable for MSU crystal-mediated IL-1β release and cell death both in vitro and in vivo. 73 Interestingly, necrosulfonamide (NSA), a GSDMD inhibitor, can hinder IL-1β release in response to MSU crystals, suggesting a role for NSA in blocking inflammasome activation pathway upstream of GSDMD. 73, 74 Pyroptosis ultimately functions as a defense mechanism against infection by clearing out pathogens. When innate immune cells sense danger signals, they become activated, produce inflammatory cytokines, and can undergo pyroptosis, augmenting inflammation, thus contributing to the development of adaptive responses. 75 If
F I G U R E 1
The two-step hit model of inflammasome activation and IL-1β production and release. The initial priming step of inflammasome activation can be mediated by both MSU crystals and soluble urate resulting in translocation of NF-κB into the nucleus to initiate transcription of pro-IL-1β. Soluble urate enhances phosphorylation of PRAS40 which acts at the intersection of Akt and mTOR signaling, further leading to transcriptional regulation of cytokine genes. MSU crystals can induce NF-κB activation through mTOR signaling. Once pro-IL-1β expression is induced, MSU crystals can induce NLRP3 inflammasome assembly (second step). Pro-caspase-1 is self-activated by proteolytic cleavage into the enzymatically activate caspase-1. Activate caspase-1 cleaves pro-IL-1β into the biological active form IL-1β which can be readily secreted into the extracellular milieu, mediating inflammation and pyroptosis. MSU: monosodium urate; NF-κB: nuclear factor kappa B; IL: interleukin; PRAS40: proline-rich Akt substrate of 40 kDa; Akt: protein kinase B; mTOR: mammalian target of rapamycin; NLRP3: NACHT, LRR, and PYD domain-containing protein 3 danger signals persist, inflammation will continue to amplify leading to metabolic disorders, autoinflammatory diseases, and chronic inflammation. 76 The priming step of inflammasome activation in response to MSU crystals in vivo is still debated, since in vitro studies show the need for a two-step activation of the NLRP3 inflammasome. 54, 55 Production of IL-1β in peripheral blood mononuclear cells (PBMCs) isolated from patients with gout also needs co-stimulation,
showing that MSU alone is an inefficient stimulus for IL-1β secretion. 55 When incubated with TLR2 ligands, MSU crystals synergize to induce higher cytokine production in cells of gout patients compared to healthy controls. 55 No difference in mRNA transcripts levels of IL-1β was observed after stimulation of PBMCs of gout patients with MSU crystals, enforcing lack of effect of MSU crystals on transcriptional priming but rather on the post-translational processing of IL-1. 55 
| Evidence of soluble urate-driven inflammation
In contrast to the findings described for MSU crystals, the evidence on soluble urate points toward a priming effect to induce pro-inflammatory cytokine production. 78, 79 Transcriptional control
In an experimental setting mimicking hyperuricemia in vitro, monocytes from healthy donors were exposed to soluble urate and subsequently stimulated with MSU crystals in the presence or absence of TLR2 or TLR4 ligands. Soluble urate failed to induce IL-1β secretion on its own, but dose-dependently increased IL-1β cytokine production in the presence of TLR ligands, without microscopic evidence for MSU crystallization. 78 Beside inducing IL-1β transcription, soluble urate specifically downregulated IL-1Ra production, both at the level of gene transcription and cytokine secretion, effect that was consistent even at lower urate doses, in the range of clinical hyperuricemia. 78 When the same setting was applied to PBMCs from gout patients, it revealed that urate priming enhanced IL-1β production to a lesser degree in cells from gout patients compared to healthy controls and that these patients had higher basal IL-1β transcript levels. 78
Monocytes exposed to soluble urate showed enhanced phosphorylation of proline-rich AKT substrate 40 kD (Pras40) and a decrease in C3 II-positive autophagosome formation (Figure 2) . 79 Pras40 is a substrate of Akt and a component of mammalian target of rapamycin complex 1 (mTORC1). Phosphorylation of PRAS40 strongly induces mTOR, which in turn inhibits autophagy. 80 Autophagic modulators, 3-methyladenine (3MA) and wortmannin that act as PI3K inhibitors, inhibited autophagy in a similar manner, recapitulating the cytokine pattern seen induced by urate priming. 79, 81 The enhanced production of IL-1β and decrease of IL-1Ra make the Akt-PRAS40 autophagy pathway a likely candidate for urate signaling in inflammation.
Another report showed upregulation of mRNA levels of inflammasome-related genes, such as IL-1β and NLRP3 in a model of murine obstructive nephropathy, dependent on urate production. 82 Upregulation of IL1B transcription was also reported in bone marrow-derived macrophages in response to normouricemic concentrations of soluble urate. 82 These suggest that soluble urate can alter the transcriptional program of the cell and modulate cytokine production in the absence of apparent urate crystal formation.
Inflammasome activation
In line with the findings described for MSU crystals, Braga et al showed that soluble urate also activates the NLRP3 inflammasome and induces the production of IL-1β. 53, 82 These effects were reversed upon addition of allopurinol, a urate lowering compound. 82 A few mechanisms were proposed to mediate inflammasome activation, involving reactive oxygen species and phagosomal proteases. 75 The hypothesis of a redox-regulated NLRP3 activation occurred after the observation that, in alveolar macrophages, ATP induces caspase-1 activation and subsequent IL-1β production which was reversible upon co-incubation with diphenyleneiodonium (DPI), an inhibitor of NADPH oxidase. 83 Moreover, the discovery of a disulfide bond in the crystal structure of the NLRP3 protein suggested that the NLRP3 inflammasome might be sensitive to redox regulation. 83, 84 In line with this, another report demonstrated that IL-1β release in response to MSU crystals was suppressed by knockdown of the p22 phox subunit of NADPH oxidase in THP1 cells. 85 Indeed, Braga et al also showed that the NLRP3 inflammasome activation as a result of soluble urate exposure is dependent on mitochondrial ROS production. 82 However, the redox-dependent inflammasome activation by urate might be owing to experimental settings and cell origin, without a clear mechanism being established yet. In a setting of urate priming of PBMCs from patients with chronic granulomatous disease (CGD), a genetic disorder characterized by a deficiency in phagocyte NADPH oxidase 2 activity, and inability to efficiently produce reactive oxygen compounds, the pro-inflammatory shift in cytokine pattern induced by soluble urate could still be reproduced. 79, 86 This argues against the dependence of urate priming on NADPH oxidasederived ROS; nevertheless, it does not exclude a redox regulation of the NLRP3 via alternative sources of reactive oxygen species (ROS).
Zhou et al showed that mitochondrial-derived ROS can activate the NLRP3 inflammasome and that autophagy opposed this effect by targeting dysfunctional mitochondria. 87 Supporting the mitochondrial-derived ROS hypothesis, another report showed an increase in mitochondrial ROS production following stimulation of macrophages with soluble urate (Figure 2 ). 82 Although a clear mechanism has not been established yet, further research is needed to validate the effects of soluble urate on ROS production and production of IL-1β in vitro and in vivo.
| Urate induces epigenetic regulation
Epigenetic modifications represent functional changes of the genome that affect gene activity and expression without involvement of the underlying nucleotide sequence. 88 DNA methylation, histone post-translational modifications, or non-coding RNA-dependent processes determine transcriptional accessibility in different cell states. 88 Core promoters generally have low basal activity, but can be activated by enhancers or can be further suppressed by chromatin remodeling. 89 Active promoters are characterized by an open chromatin state that facilitates binding of activating transcription factors. Enhancers and active promoters generally associate acetylation of histone subunit H3 at lysine residues 9 and/or 27 (H3K9ac, H3K27ac) and methylation of histone subunit H3 lysine 4 (H3K4me), while methylation at histone subunit H3 lysine 9 or 27 (H3K9me, H3K27me) is usually repressive. [90] [91] [92] Histone lysine acetylation is regulated by the opposing activities of histone acetyltransferases (HATs) and histone deacetylases (HDACs), while histone methylation at lysine residues is under the control of lysine methyltransferases (KMT) and lysine demethylases (KDM). 93 Other effectors of trained immunity are represented by micro(mi)RNAs that function as regulators of gene expression. 94, 95 Because of their relatively long half-life, they can persist after the removal of the initial stimulus, making them likely candidates to mediate the innate immune memory. 96 Although the main marks of epigenetic regulation have been characterized, the stimuli that influence these dynamic processes are under continuous investigation. The reprogramming of the innate immune system under variation of metabolite levels is an emerging concept, due to a role of metabolites acting as cofactors for epigenetic enzyme activities. 32 The higher cytokine production in response to TLR agonists seen in gout patients 78 and after urate exposure in vitro suggests a long-term effect of urate exposure, consistent with innate immune memory. As discussed above, from studies on trained immunity it is known that innate immune cells alter their functional state and enhance their responsiveness to secondary stimuli via epigenetic modifications and metabolic reprogramming. In this section, we review the currently available evidence of epigenetic regulation as a critical determinant of urate-induced innate immune responses.
| Urate crystal-dependent inflammation and epigenetic regulation
Inflammatory responses precipitated by MSU crystals appear to be dependent on epigenetic modifiers. A recent study showed that romidepsin, a histone deacetylase (HDAC) 1/2 inhibitor, decreased cytokine production in PBMCs in response to MSU crystal stimulation ( Figure 2 ). 97 Inhibition of class I HDAC upregulated the expression of SOCS1 and further decreased the phosphorylation of STAT1 and STAT3. 97, 98 The inhibitory effect of romidepsin on cytokine production was also observed at the level of IL-1β transcription in response to MSU crystals and saturated fatty acid palmitate (C16.0) known to signal via TLR2, consistently with the two-step model of inflammasome activation and processing of IL-1β. 56, 97 Although the mRNA levels of IL-1β were decreased in response to romidepsin, the transcripts of inflammasome components were not significantly affected. 97 SOCS1 modulates the immune response by targeting inflammatory molecules for proteasomal degradation, and when bortezomib, a proteasome inhibitor was added, it reversed the effect of romidepsin. 97, 99, 100 Taken together, these results show that HDAC inhibition by romidepsin controls inflammation by increasing the expression of SOCS1, targeting inflammatory molecules for proteasomal degradation and preventing the transcription of IL-1β. 97, 99 Similarly, butyrate, a short-chain fatty acid which has class I HDAC inhibition properties, can modulate inflammation by decreasing NF-κB activation. 101, 102 Butyrate was shown to suppress MSUand C16-induced IL-1β production in a dose-dependent manner, effect that was also exerted at transcriptional levels. 103 The suppressive effect of butyrate was also seen ex vivo in cells from gout patients, with a strong decrease in cytokine production regardless of urate levels, treatment, or phase of the disease. 103 MicroRNA-dependent processes have also been studied in MSUinduced models of inflammation. PBMCs and synovial fluid mononuclear cells (SFMCs) from patients with gout exhibit higher levels of miR-155. Furthermore, MSU crystal stimulation was shown to strongly induce miR-155 ( Figure 2 ). 104 Overexpression of miR-155 decreased SH-2 containing inositol 5' polyphosphatase 1 (SHIP-1) and promoted IL-1β production in response to MSU. SHIP-1 acts to control inflammation, and its inhibition led to phosphorylation of protein kinase B (Akt) with probable subsequent activation of NF-κB. [104] [105] [106] By activating NF-κB and inducing transcription of IL-1β, miR-155 acted as a priming signal for IL-1β processing in response to MSU crystal stimulation. 104 While MSU crystal-driven inflammation is mostly studied in experimental models mimicking the acute response in gout inflammation, the data presented in this section suggest that epigenetic mechanisms could also be at play in MSU-induced responses. Gout is known to be a disease where the deposition of urate crystals is continuous, while the flares are intermittent. 5 Moreover, the higher the urate load, the more frequent the acute attacks are known to occur. 107 It is tempting to speculate that MSU crystals could also prime circulating or resident cells for elevated inflammatory responses via innate immune memory-like mechanisms. Indeed, one study did show that MSU crystals were able to enhance the phagocytosis and killing capacity of murine macrophages leading to a more enduring response to BCG vaccination in mice. 108
| Soluble urate-dependent inflammation and epigenetic regulation
During priming with soluble urate, a persistent increase in IL-1β gene transcription accompanied by increased responsiveness to secondary stimulation is described. 78 This enhanced IL-1β production is thought to be regulated epigenetically, as the exposure of PBMCs to a histone methyltransferase inhibitor, (5'-deoxy-5'methylthioadenosine, MTA), abolished the effects of urate on cytokine production ( Figure 2 ). 78 Furthermore, in vitro, modulation of cytokine production by urate was maintained after extended resting times between priming and restimulation. In an in vivo murine model of acute gout using intra-articular knee injections of MSU crystals and palmitic acid after exposure for 1 day to urate and potassium ox- The transcriptional rewiring of urate stimulated cells is suggestive of innate immune memory developed in response to endogenous sterile stimuli, leading to a scenario in which soluble urate acts as a stimulus that drives epigenetic reprogramming in circulating or tissue-resident cells, thereby causing persistent inflammatory effects in response to continuous exposure to urate. We propose a model in which cells exposed to high urate levels are more prone to develop a strong pro-inflammatory response when exposed to specific triggers due to innate immune memory, epigenetic changes in exposed cells, or persistence of exposure to high urate levels. The epigenetic landscape driven by soluble urate in myeloid cells is a field of study that requires further research in order to describe epigenetic signatures and possible reversible targets for the therapy of the inflammatory consequences of hyperuricemia.
| The AKT-mTOR pathway as an effector of urate-induced immune priming
Upon stimulation, innate immune cells undergo differentiation from quiescence to activation. 110 In the case of trained immunity, this associates epigenetic changes that are accompanied by extensive metabolic rewiring adapted to cellular nutrient and metabolic demands.
A central player that has been shown to modulate the immunometabolic adaptation in innate immune memory is the PI3K-Akt-mTOR pathway. 111 Classically activated macrophages (CAMs) reprogram their metabolism from oxidative phosphorylation (OXPHOS) to glycolysis, as measured by a decreased oxygen consumption rate and an increase in tricarboxylic acid cycle (TCA) intermediates, phenomenon described as aerobic glycolysis. 112 A role for HIF-1α has emerged as the primary regulator of glycolysis in CAMs. 111 Consistent with this, a shift from OXPHOS to glycolysis dependent on Akt-mTOR-HIF-1α has been described in trained immunity induced by β-glucan. 32 Accumulation of TCA metabolites during training of monocytes links immunometabolism with epigenetic changes.
Macrophages activated in response to LPS induce succinate accumulation which stabilizes hypoxia-inducible factor α (HIF-1α) leading to increased IL-1β production during inflammation. 113 By acting as a cofactor, succinate is an important determinant for the activity of epigenetic enzymes. Succinate has been shown to inhibit JMJD3, also known as lysine-specific demethylase 6 (KDM6) leading to enhanced H3K27 trimethylation of particular loci, such as regions on genes associated with the anti-inflammatory M2 phenotype. 114 Inhibition of glycolysis by 2-deoxyglucose (2-DG), of mTOR with rapamycin and metformin, blocks the formation of histone marks and inhibits cytokine production. 33 Evidence of similar mechanistic data has also been described in the context of MSU crystal-or soluble urate-induced inflammation. One study showed that stimulation of PBMCs and human monocytes with MSU crystals enhances mTOR activity (Figure 2 ). 115 Intracellular pro-IL-1β levels were shown to be increased in response to MSU crystals, without an elevation in cytokine mRNA levels, which is consistent with evidence showing that MSU acts as a second signal for inflammasome activation. Although mTOR activity was enhanced, pro-IL-1β protein synthesis was selectively regulated by p38 MAPK signaling and not on mTOR. 115 However, another report showed that gout patients exhibit higher expression of genes involved in mTOR pathway and lower expression of PTEN, an mTOR inhibitor, compared to healthy controls. 116 The group showed that MSU crystals induce mTOR pathway gene expression in monocytes from healthy donors, and this was also reflected at protein level, as well as induction of IL-1β. They also showed that positively selected CD14+ monocytes undergo pyroptosis upon MSU crystal encounter. The effects of MSU crystals were reversed upon induction of autophagy and mTOR inhibition by metformin or rapamycin, which reduced cell death and lowered inflammasome activation and inflammation. In line with these data, in a retrospective cohort analysis, patients who received metformin as comedication were shown to have less frequent gout attacks and patients who were treated with colchicine expressed lower levels of mTOR activation. 116 Metformin exerts its anti-inflammatory effects by activating AMPK (5′ adenosine monophosphate-activated protein kinase) which is a negative regulator of NF-κB via the PI3K (phosphoinositide 3-kinase)-Akt1 pathway. 117 It has also been shown that inhibition of mTOR with rapamycin in macrophages induces autophagy and targets pro-IL-1β for degradation, resulting in a decrease of NLRP3 inflammasome activation. 118 As presented in previous section, in urate priming of human monocytes, the phosphorylation of PRAS40 inducing mTOR activation with subsequent decrease in autophagosome formation was described, while the pharmacological inhibition of PI3K recapitulated the effects of soluble urate exposure. 79, 80 Collectively, these data enforce that similar pathways to the ones described in trained macrophages are involved in soluble urate-and crystalline urate-induced inflammatory responses. Immunometabolism to our knowledge has not been studied in the context of hyperuricemia or gout.
Potential immunometabolism deregulations in hyperuricemia represent an interesting subject of further study as this could shed light on mechanisms of AKT-mTOR induction as well as intracellular metabolites that further could act as cofactors for epigenetic modifiers.
| G OUT A S A MODEL OF MAL ADAP TIVE IMMUNE PROG R AMMING
While the heightened capacity of innate immune memory-bearing cells to respond more strongly to stimuli is beneficial to host defense, long-term immune programming can have systemic consequences that lead to chronic inflammation and tissue damage. Even more so, when trained immunity is induced by endogenous ligands, they can change the landscape of the immune response in a perpetuating cycle of activation and hyper-responsiveness.
Gout is no longer viewed solely as an articular disease and, in its most comprehensive definition, it is an inflammatory and metabolic disorder as the manifestations of gout extend beyond the local inflammatory consequence of MSU crystal deposition. 119 Hyperuricemic patients exhibit higher incidence of comorbidities such as cardiovascular disease, type 2 diabetes, metabolic syndrome, chronic kidney disease, cancer, and premature aging (Figure 3 ). [6] [7] [8] [9] [10] Whether urate elevation is involved in the pathogenesis of comorbidities seen in gout is still a debated issue, but an increasing number of epidemiological studies have found hyperuricemia as an independent risk factor for gout comorbidities: A meta-analysis including cohorts of over a million subjects shows serum urate levels to increase cardiovascular mortality risk in a dose-dependent manner, and experimental animal models show positive correlation between urate levels, arterial hypertension, and insulin resistance, with reversal of manifestation upon lowering and inhibition of urate. [6] [7] [8] 120, 121 The common link in all these diseases is the presence of sterile inflammation, with overlapping mechanisms involved in their pathogenesis. The NLRP3 pathway, associated with MSU-induced inflammation, has also been described in atherosclerosis and metabolic syndrome. 122, 123 In patients with arterial hypertension, elevated circulating levels of IL-1β have been reported and linked to possible inflammatory and atherogenic consequences of hypertension. 124, 125 A causative role for urate in the development of these comorbidities has not been established, but associations between urate levels and inflammatory markers have also been described in asymptomatic hyperuricemic individuals. 126 Therefore, it can be hypothesized that urate could contribute to systemic inflammation and act as a co-signal for the initiation of innate immune responses.
Chronic inflammation is associated with increased cellular senescence, which strongly correlates with the risk of cardiovascular disease. [127] [128] [129] [130] Patients with gout have increased replicative senescence, and telomere length is an independent risk factor for cardiovascular disease in these patients. 131 Gout patients have an increased risk of cancer development, and it has been suggested that hyperuricemia may play a protective role due to the antioxidant properties of F I G U R E 3 Suggested model for the interactions of soluble urate-and monosodium urate crystal-driven inflammation in gout and comorbidities. Soluble urate primes circulating monocytes acting through upregulation of the Pras40-Akt-mTOR pathway with upregulation of IL-1β and specific downregulation of IL-1Ra. Supra-saturated serum urate leads to crystallization of urate into MSU and deposition of crystals in tissues which drives resident macrophage activation, tissue damage, and release of DAMPs and more urate. During a gout attack, circulating monocytes arrive at the site of tissue inflammation where, upon contact with MSU crystals, they become activated. Monocytes already primed by serum urate can readily secrete IL-1β after encountering DAMPs and MSU crystals, which activate the inflammasome and processing of pro-IL-1β. This leads to enhanced IL-1β secretion and pyroptosis in the context of low IL-1Ra antagonism. Non-primed circulating monocytes could potentially also become primed upon MSU crystal encounter. Upon tissue damage and pyroptosis, more urate is released which can further prime new monocytes, perpetuating inflammation and tissue damage during a gout flare. In the circulation, primed monocytes can readily secrete IL-1β in response to second activation by stimuli, shifting the immune response toward proinflammation with long-term predisposition for comorbidities. Akt: protein kinase B; mTOR: mammalian target of rapamycin; IL: interleukin; MSU: monosodium urate; DAMPs: damage-associated molecular patterns Hyperuricemia urate. 41, 132 A prospective study on gout and cancer risk shows that the incidence of cancers is elevated in these patients and that hyperuricemia plays no role in the prevention of carcinogenesis. 133 Gout is a disorder of purine metabolism, and it is known that high cellular turnover can lead to hyperuricemia and tumorigenesis. 134, 135 High serum urate levels are independently correlated with an increased risk of cancer. 136, 137 Data from a meta-analysis study show gout as an independent risk factor for the incidence of total cancers, but there is strong evidence for a role of serum urate in cancer biology, with elevated levels strongly associated with increased premature mortality in relation to cancer in both men and women. 138, 139 Although it was believed that tissue-resident macrophages are responsible for the initiating and driving of the early inflammatory response in gout, kinetic studies on murine gout models have shown that circulating monocytes are the initial responders and are recruited to the site of MSU crystal deposition. 140, 141 One of the monocyte chemoattractants involved in monocyte recruitment is chemokine (C-C motif) ligand 2 (CCL2), and animal models studies have shown CCL2 as a local chemoattractant of monocytes in gout. [142] [143] [144] CCL2 levels have been shown to positively correlate with serum urate levels in both gout patients and asymptomatic hyperuricemic individuals. 145 Soluble urate can induce CCL2 production in vascular smooth muscle cells, and this might be one source of elevated CCL2 production seen in hyperuricemia with implications in cardiovascular diseases. [146] [147] [148] Elevated serum urate and CCL2 levels increase circulating CD14 + monocyte, even in the absence of active inflammation, thus priming monocytes to rapidly respond to inflammatory stimuli. 145 Interestingly, when investigating IL-1β levels in patients with gout ex vivo, there is evidence for an in vivo priming effect of IL-1β induction. 78 Positively selected monocytes from patients with gout present higher basal IL-1β mRNA levels compared to healthy controls. 78 The IL-1 system is a potent mediator of acute and chronic inflammation, and it has been shown that IL-1β can induce its own production. 149 One of the ways by which this system is prevented from inducing exacerbated local and systemic inflammation with subsequent tissue damage is by the action of the IL-1 receptor antagonist (IL-1Ra). 150 As described in the previous sections, the specific downregulation of IL-1Ra in vitro in PBMCs and monocytes exposed to soluble urate is a unique finding that can enhance susceptibility to inflammation. The interleukin-1 receptor antagonist is a secreted, soluble protein that specifically inhibits the activities of IL-1α and IL-1β. Another two isoforms of IL-1Ra exist intracellularly and are released upon tissue damage, subsiding inflammation induced by cellular injury. 150 Genetically engineered mice to lack IL-1Ra were shown to spontaneously develop inflammatory poly-arthropathy and overexpress genes encoding pro-inflammatory cytokines, even before the onset of clinical manifestations. 151 Loss-of-function mutations in the gene encoding for IL-1Ra result in phenotypes of sterile osteomyelitis, periostitis, and skin inflammation. 152 In conclusion, we propose a concept for soluble urate-induced facilitation of inflammation in which urate, potentially through altered metabolism and epigenetic modifications, primes monocytes to enhance their pro-inflammatory response. By inducing CCL2, urate also alters the number of circulating monocytes, thus setting the landscape for chronic low-grade inflammation. Upon secondary stimulation, already primed monocytes can be readily recruited at the site of inflammation and facilitate the production of pro-inflammatory cytokines, amplifying the immune response. Ultimately, monocyte priming could act as a defense mechanism against invad- 
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